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Polysomes and Viral RN A I. H o r a k , J . H i l f e n h a u s , W. S i e g e r t , and C. J u n g w i r t h
Institute for Virology, University of Wuerzburg, Germany G. B o d o a n d P . P a le s e Arzneimittelforsdiung GmbH, Wien, Austria (Z. Naturforsch. 25 b. 1164 (Z. Naturforsch. 25 b. -1170 (Z. Naturforsch. 25 b. [1970 ; eingegangen am 25. Juni 1970) Treatment of chick embryo fibroblast cells or mouse L-cells with homologous interferon resulted in a reduced formation of poxvirus specific polysomes and of viral RNA. In chick cells infected with cowpox virus the reduced formation of viral polysomes and virus-specific RN A after pre treatment of cells with interferon was observed at all timepoints studied (1 -6 hours p. i.). Ex posure of cells to poly I : poly C caused a similar effect. In mouse L-cells infected with vaccinia W R virus pretreatment with interferon did not result in a reduced formation of viral polysomes or virus-specific RN A up to 1 hour p. i. At about 45 min even a slight increase of the formation of viral polysomes and R N A was observed. At later stages of infection (2 -4 hours p. i.) a reduced synthesis of viral polysomes and R N A was seen, system.
The mechanism by which interferon inhibites a whole spectrum of viruses and the molecular basis of the characteristic host specificity are not yet clear. One of the effects of interferon appears to be the partial or total inhibition of the synthesis of dif ferent viral proteins formed during the infectious cycle 1.
In poxvirus infected L-cells pretreatment with interferon was reported to result in a reduced for mation of viral polysomes in spite of an increased synthesis of viral m-RNA. As a possible cause for the absence of poxvirus-specific polysomes a modi fication of virusspecific m-RNA has been discussed 2. It has also been claimed that in the chick embryo fibroblast interferon treatment leads to a reduced formation of cytoplasmic RNA after infection with poxvirus3. We attempted therefore to study the formation of poxvirus specific RNA after pretreat ment of the cells with interferon more closely and to compare it with the viral RNA transcribed in in fected control cells. The effect of purified interferon was also compared to the effect of the synthetic poly mer poly I : C which is able to inhibit the replica tion of animal viruses probably via induction of interferon 4. 2 W. K. J o k l ik and T. C. M e r i g a n , Proc. nat. Acad. Sei.
USA 56. 558 [1966] . similar to that found in the chicken fibroblast
Materials and Methods a) Reagents
Poly I : poly C (poly I : C) was obtained from Miles Laboratories (Lot 11-4-321), poly I and poly C from Boehringer. Annealing was carried out under condi tions described by Levy et al. 5. 3H-Uridine (specific activity: 30 Ci/mmole) Amersham. Sodiumdodecylsulfate: BDH Chemicals Ltd.
b) Cellpropagation and viruses
Mouse-L-cells were grown on glass in Eagles me dium supplemented with 10% calfserum and transfer red 6 hours before addition of interferon into suspen sion where the cultures were kept in spinner medium supplemented with 8% calfserum. Chide embryo fibro blasts were prepared by a standard trypsinisation tech nique and grown in Parker's medium 199 and 10% calfserum.
Vaccinia strain WR passaged in L-cells (passage 210 -212) was used for infection of mouse fibroblasts. Experiments in chick embryo fibroblasts were done with cowpox virus, grown in embryonated eggs. Both virus strains were purified by the method of J o k l i k 6. Newcastle disease virus (Victoria strain), influenza B Lee and vesicular stomatitis virus were grown in embryo nated eggs or chick embryo fibroblasts and used without further purification.
c) Preparation and assay of interferon
Mouse interferon was induced in tissue culture with Newcastle disease virus 7. Chide embryo interferon was induced in 11 days old embryonated eggs with influenza B Lee virus 8.
Crude interferons were kept for 36 hours at pH 2 (mouse interferon) or treated with perchloric acid to pH 1.5 (chick interferon). The solutions were concen trated with 0.02 M Zinc acetate following the method of L a m p s o n et al. 9. Zinc precipitates were disolved by 0.1 M HC1 to pH 2.5 and chromatographed on SE-Sephadex C-25 ( B o d o in preparation). Interferons were eluted between pH 6 -8 and concentrated by Aquacide (Calbiochem). Chick embryo interferon was further purified on CM-Sephadex C-25 according to the method of M e r i g a n et al. as modified by B o d o 10> n . Specific activity of the purified preparation of mouse inter feron varied between 300 000 -900 000 units/mg with chick interferon between 100 000 -300 000 units/mg protein. Exposure of L-cells to homologous interferon for 16 hours (1000 -3000 units/ml) did neither result in a significant reduction of the labeling index of the cells nor an inhibition of cellular RNA synthesis ( S c h u l z e and J u n g w i r t h to be published). Inter feron activity was assayed by a plaque reduction test, either on L-cells with vesicular stomatitis virus or in chick embryo fibroplasts with cowpox virus as chal lenge virus.
d) Interferon treatment and infection of cells
Mouse L-cells were treated in suspension (3 -5 x 105cells/ml) at an interferon concentration of 1000 -3000units/ml for 16 hours before infection. Cells were infected at a multiplicity of 5 -10 PFU/cell according to method A of B e c k e r and J o k l i k lla. After ad sorption of virus cells were resuspended in conditioned medium. Chick embryo fibroblasts were treated in milk dilution bottles (4 replicates each) with 500 units/ml of interferon in Parker's medium 199 for 24 hours. In fection with cowpox virus (multiplicity 10 PFU/cell) was carried out as described previously 12 (adsorption period 60 min). Cells were treated with poly I : C at a concentration of 1 /vg/ml for 24 hours before infec tion.
e) Preparation of cytoplasmic fractions and analysis of polysomes or RNA
Mouse fibroblasts: After different periods of infection cells were labelled with 3H-uridine for 10 min (100 /uCi/5 x 107 cells). Cells were rapidly chilled 7 J. S. Y o u n g n e r , A. W . S c o t t , J. V . H a l l u m , and W . R.
S t i n e b r i n g , J. Bacteriol. 92, 862 [1966] . R K. C a n t e l l , M . V a l l e , R. S c h a k i r , J. S a u k k o n e n , and E. U r o m a n , Ann. M e d . Exptl. Fenniae [Helsinki] 43, 125 [1965] .
9 G. P. L a m p s o n , A. A. T y t e l l , M. M. N e m e s , and M. R.
H il l e m a n n , Proc. Soc. exp. Biol. Med. 112, 468 [1963] .
10 T. C. M e r i g a n . C. A. W i n g e t , and C. B. D i x o n , J. mole cular Biol. 13, 679 [1965] .
by addition of frozen saline and the cell pellets treated further for preparation of polysomes or for extraction of RNA. Polysomes from L-cells were prepared ac cording to the method of P e r r y and K e l l y 13. Cells were suspended in isotonic buffer (0.01 M Tris-HCl pH 7.4, 0.1 M NaCl, 0.0015 M MgCl2) containing 0.05% Triton X 100. After incubating at 1 -3 °C for 10 min with occasional mixing by a Boscamp mixomat, nuclei were separated from cytoplasmic fractions by centri fugation at 1100 rpm for 3 min. The cytoplasmic frac tions were layered on sucrose gradients made up in RSB (NaCl substituted for KC1) and centrifuged in a SW 25, 1 rotor in a Spinco L 2 centrifuge. After frac tionation of the gradients acid-insoluble material was precipitated with trichlor-acetic acid filtrated on Millipore filters and radioactivity counted in a liquid scintil lation counter. For RNA analysis, SDS and EDTA was added to cytoplasmic extracts to a concentration of 1% and 0.01 M respectively. Sucrose gradients were made up as described previouslylla. Conditions of centrifugation are given in the legends.
Chick embryo fibroblasts: 4 times 25 x 106 cells contained in four milk dilution bottles (7.5 ml medium) were labeled each with 25 /uCi 3H-uridine for 15 min. Extracts were prepared by treat ment of cells with 0.5% DOC and 0.5% Triton X 100 for 10 min at 1 -3 °C. For analysis of polysomes the total homogenate was layered on 10% -40% sucrose gradients, prepared as described by D a v is et a l.14. Centrifugation was carried out for 150 min at 25 000 rpm in Spinco SW 25. 1 rotor at 0 °C. For RNA ana lysis nuclei were separated from cell extracts by centri fugation at 1500 rpm for 5 min (0 °C) otherwise RNAanalyses were carried out as described above.
Results
Poxvirus specific m-RNA can be identified in the cytoplasm of infected cells by labeling for a short period (10 min) with radioactive uridine. This method depends on the observation that, ex cept for transfer-RNA, no appreciable amount of cellular RNA is transported during this short time intervall from the nucleus to the cytoplasm. The labeled cytoplasmic RNA has been further charac terised as virus-specific material by its sedimentation behavior, base analysis and the ability to hybridize with viral DNA. For this reason it has been con-eluded that at least most if not all of the rapidly labeled RNA in the cytoplasm of a poxvirus infected cell is virus-specific lla. We have used the same ap proach to study the effect of interferon on the for mation of virus specific RNA and polysomes. Instead of homogenizing the cells after swelling in hypotonic buffer with a glass homogenizer as has been done previously, RNA and polysomes were extracted from infected cells by shaking in isotonic buffer containing detergent13> 14. By this technique the kinetics of formation of rapidly labeled RNA in the cytoplasma of infected L-cells was found to be similar to that described for HeLa cells infected with vaccinia W R 15. Working with chick embryo fibro blasts allows the use of chick interferon which is by far the best characterized interferon available at the moment. In addition it has been reported to have no effect on the formation of infectious virus in mouse fibroblasts and vice versa 16> 17. Fig. 1 shows the effect of homologous interferon (1000 -3000 units/ml) on the yield of infectious vaccinia virus in L-cell cultures infected at the same multiplicity as described in the experiments below. The effect of interferon on poxvirus multiplication in chick embryo fibroblasts has been described pre viously 18.
Effect of interferon on viral polysome formation
In mouse fibroblasts up to 1 hour p. i. about the same amount of viral polysomes or even an enhanced amount (45 min p. i.) was found after interferon treatment for 16 hours before infection. Thereafter newly formed viral RNA sedimenting in the poly some region is reduced by 40 -60% compared to Multiplicity (5 -10 PFU/cell) and mode of infection were identical as in the experiments described below. Aliquot parts of the suspension cultures were taken at different times. Virus was released from the cells by freezing and thawing and sonification. The amount of infective virus was determined by titration on chick embryo fibroblasts. Even though interferon preteated infected cells showed a stronger cytopathic effect than infected control cells, no significant amount of virus was released into the medium. ( -• -• -) infected; ( -x -x -) infected and interferon-treated. Fig. 2 and Materials and Methods. The amount of radioactivity incorporated into polyribosomes (with or without interferon) at different time points cannot be compared with each other since the experiments were not carried out at the same time. In contrast to chick embryo fibroblasts incorporation of 3H-uridine into the polysomes of uninfected L-cells was negligible.
a chick interferon 500 units/ml; b mouse interferon 1000 units/ml.
infected control cells (Fig. 2 a, b and Table 1 ). In chick embryo fibroblasts, on the other hand, viral polysomes were reduced compared to infected con trol cells at all times studied (Table 1) . Heterolo gous interferon did not cause these effects in either system. While treatment of chick embryo fibroblasts with 1 /<g/ml Poly I : C resulted in an even more drastic reduction of viral polysomes the polynucleo tide even at 10 /^g/ml had no effect in L-cells (Table 3) .
Effect of interferon on viral RNA formation
From the results presented in Fig. 2 b it also seemed that the total amount of rapidly labeled RNA in the cytoplasmic fraction at two hours p. i. was reduced when L-cells had been exposed to inter feron. Therefore newly formed viral RNA from infected and interferon treated cells was characterized at different timepoints p. i. by sucrose gradient sedi mentation analysis. The sedimentation behaviour of poxvirus specific RNA in L-cells was found to be fairly similar to previously published results2 > lla. Under our conditions of infection the characteristic size shift from early type RNA to late m-RNA sedimenting at higher S values was observed (Fig. 3 a) . In contrast no change was seen in the sedimentation behaviour during the infectious cycle of cowpox virus in chick embryo fibroblasts (Fig. 3 b) . From Table 2 it can be seen that the amount of pulse labeled viral RNA in interferon treated chick cells is reduced at all timepoints studied. Interferon treat ment dit not influence the sedimentation behaviour of the newly formed viral RNA. The effect of poly I : C was again very similar to that of homologous inter feron (Table 3 and Fig. 4) . Fig. 3 and Materials and Methods. Radioactivity was derived from summation of the appropriate area of SDS sucrose gradients. a thick interferon 500 units/ml; b mouse interferon 1000 units/ml. Similar to the effect on viral polysomes, inter feron inhibites in L-cells the formation of viral RNA at approximately 2 hours and later after infection. Up to 1 hour p. i., however, no reduction and even a stimulation of viral RNA synthesis by interferon treatment was noted (Table 2 ). Preliminary studies showed that the rapidly labeled RNA formed in interferon treated cells at 45 min and 2.5 hours p. i. hybridizes with viral DNA to the same extent as RNA from infected control cells ( H o r a k et al. to be published). As is shown in Fig. 5 viral RNA from interferon treated and for 2 hours infected L-cells was not only formed in reduced amounts but it showed also a change in sedimentation behaviour. Most of the RNA synthesised at this time point in interferon treated cells sedimented at smaller S values similarly to viral RNA formed at earlier times in infected cells. This changed sedimentation behaviour due to interferon treatment was not ob served at the other timepoints studied. Poly I: C treatment of L-cells had neither an effect on the rate of synthesis nor the size of viral RNA.
Discussion
Highly purified interferon preparations from dif ferent origin consist of several biological active com ponents 19-20. Such preparations inhibit the forma tion of infectious virus as well as certain virus spe cific functions in the infected cell. For example the svnthesis of early enzymes in chick embryo fibro blasts can be completely inhibited by interferon doses comparably to those used in the experiments described in this publication 12>18. Viral RNA and polysome formation, on the other hand, were only 1   9 776  2 751  2 239  9401  5 384  3272   2   7107  3 062  1621  31660  7 902  6891  4  19019  4 771  1850  33001  13230  3 762   6   13 223  3499  3 332  50590  17 970  18 943   Table 3 . Effect of poly I : C (1 ^g/m l) on the formation of viral polysomes and rate of cytoplasmic RN A synthesis in chick embryo fibroblasts. Experimental conditions are identical to the experiments with interferon. partly reduced at later stages of infection. Under the same conditions viral DNA synthesis was also only partially inhibited in L-cells ( S c h u l z e and J u n g w i r t h to be published21). Since it is current ly believed that interferon exerts its effect on viral protein synthesis on the level of messenger RNA translation, it will be of interest to study whether polysomes from interferon treated cells specially those formed early after infection of L-cells are still able to synthesise virus specific proteins. The inhibi tory action of interferon in chick embryo cells on viral RNA synthesis and polysome formation in early stages of infection is in contrast to the mouse fibroblast cells. It is unlikely that this points to a different mechanism of interferon action in the two systems. We consider it more likely that the dif ferent obervations are due to the fact that because of the longer adsorption period necessary for infec tion it is difficult to study in chick embryo fibro blasts very early events in the infectious cycle or that the effect of interferon in this cell culture is much stronger expressed than in L-cells. By using a detergent instead of a glasshomogenizer to prepare the cytoplasmic fractions from interferon treated and infected cells we find that at later stages of infection not only viral polysome for mation but also viral RNA synthesis is inhibited. The latter observation is in contrast to results pre viously reported 2. The discrepancy can be possibly explained by the two different extraction procedures used. Approximately the same amount of rapidly labeled RNA could be extracted from infected Lcells (2.5 p .i.) by the use of a glass homogenizer or by treatment with a detergent (unpublished ob servation) . Contrary to this the use of a glass homogenizer for the extraction of interferon treated infected cells (2.5 hours p .i.) yielded about twice as much labeled RNA compared to the amount extractable by the detergent method. In infected inter feron treated chick embryo fibroblasts the two ex traction methods seem to give similar results 3. The amount of radioactive uridine incorporated into the cytoplasmic fraction during a short puls will be a G .K e i t h , R. P e t e r . J. G u i r , and A. K i r n , Arch. ges. Virusforsch. 27, 32 [1969] . measure of the amount of viral RNA only if no labelled cellular RNA from the nucleus (except for transfer-RNA) will enter the cytoplasm during this time and no breakage of cell nuclei occurs by the preparation of the cytoplasmic extracts. It can be demonstrated that this is actually the case in un infected cells with and without interferon pretreat ment. Infected interferon treated L-cells which show a stronger cytopathic effect than infected control cells may be different in this respect, and various extraction methods may give different results. Pre viously P e r r y and K e l l y have shown that the use of isotonic buffer containing low amounts of non ionic detergent is superior to the conventional hypo tonic-mechanical extraction procedures because no damage of nuclei seems to occur with this method. Since at the moment there is no indication that cyto plasmic RNA can be extracted less easily from inter feron treated cells than from infected control cells, our observations strongly support the notion that interferon treatment causes not only in chick embryo fibroblasts but in later stages of infection also in L-cells a reduction of the synthesis of virus specific RNA.
The observation that interferon partially inhibites viral RNA formation only after 2 hours p. i. and later but not in the early phase of poxvirus repli cation in L-cells, may among other possibilities be explained in the following way: The transcription of viral RNA from the viral core by means of the RNA polymerase contained in the virus particle might not be sensitive to interferon action and only the part made from completely uncoated viral ge-22 J. R. K a t e s a n d B. R. M c A u s l a n , P roc. nat. A c a d . Sei. USA 57,314 [1967] . 23 W. E. M a g e e , S. L e v in e , 0 . M i l l e r , a n d R. D. H a m i l t o n , Virology 35, 505 [1968] . noms is blocked by interferon. Actually, experiments have been reported which were interpreted as evi dence that some viral m-RNA can only be trans cribed from completely uncoated viral DNA, a pro cess which can be inhibited by protein synthesis in hibitors and by interferon 22, 23. In addition the syn thesis of other yet unknown viral proteins may be necessary for the formation of virus specific RNA. If interferon pretreatment of the cells would inhibit their formation virus specific RNA would be syn thesised in a reduced amount.
One of the most interesting observations made by L a m p s o n et al. is that synthetic polynucleotides are able to stimulate interferon synthesis and also confer a refractive state against virus infection to animal cells4' 24. Inhibition of induction of "native" de oxyribonuclease in chick embryofibroblasts by poly I : C has also been observed (unpublished observa tions) . Our results show that the formation of viral polysomes and of RNA are very similarly effected by treatment with poly I : C or interferon. The en hanced inhibition observed with poly I : C might be caused by a higher interferon level after exposure of the cells to the polynucleotide or by an unspecific effect on the host cell.
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